1 Abstract-Lithium ion batteries are widely used in portable electronic devices and electric vehicles. Although battery technology has been significantly improved, it does not fully meet the energy requirements of electric vehicles. Electric vehicle batteries are built by serial and parallel connections of many cells to provide sufficient power. Differences between cells during battery usage can shorten the battery life and even worse can cause fire and explosion. Therefore, there is a need for a battery management system to ensure that the voltage, temperature and current information of the battery cells are used as optimum conditions. Cell balancing should be used to ensure that the battery cells are charging simultaneously. Cell voltage and temperature are measured by connecting auxiliary slave board to each series battery pack. This information is controlled by a master board. In this application, the excess energy is converted to heat by the load resistor on the utility boards. Fuzzy logic control is used to control the load resistor with the switching element. The charge status of the battery was estimated using the main battery current and the mains voltage with the master board. This application has been tested on an electric vehicle. A low cost modular battery management system has been developed that can control the safe charging and discharging of the vehicle battery.
I. INTRODUCTION
The increase in environmental pollution and the reduction of energy sources cause the spread of electric vehicles instead of internal combustion engines [1] . Lithium ion batteries with high energy density are preferred in electric vehicles [2] . The goal of many studies with lithium ion batteries is to improve cycle life, reliability and other performance characteristics. With the development of the batteries, the automotive sector is accelerating their work on electric vehicles [3] . The battery pack contains hundreds of cells connected in series and parallel to meet the high capacity requirements and the desired voltage for electric vehicle applications [4] .
The BMS (Battery management system) is basically a request to control current and voltage during charging and discharging operations. Differences arise in the battery cells due to the reasons for production or working environment. Several cell balancing topologies have been investigated to efficiently utilize the remaining capacities of the battery cells and prolong their useful life [5] - [8] .
Determining SOC (State of Charge) for BMS is one of the most difficult tasks. It is difficult to determine the exact state of the SOC and there is no way of direct measurement. Various methods are used to determine the SOC [9] - [14] . The SOC of the battery is determined and provides information about the available capacity of the battery. The most accurate results for the SOC estimation can be obtained by OCV (Open Circuit Voltage) measurement after the load is removed. The use of batteries at the time of charge-discharge does not give correct results. The current counting method calculates the remaining capacity according to the energy transferred into and out of the battery.
In this study, power and temperature information of the power is measured by slave boards and sent to the master board via CAN (Controller Area Network) network. Battery information is recorded on the SDMC (Secure Digital Memory Card) module with the master board instantly. The number of boards can be increased as the system allows the CAN network to communicate. Passive cell balancing technique is used. FLC (Fuzzy Logic Controller) is used in cell voltage balancing. The current counting method is used to estimate the SOC of the battery. If battery information is requested, it can be transferred to the computer via wireless communication module. The system has been tested on the charging, discharging and EA. Lead-acid batteries are the oldest and most mature technology in the storage of electricity. Lead-acid batteries are used at a very high density in solving storage problems in many areas due to their low investment cost, low selfdischarge among all rechargeable batteries, and relatively easy maintenance advantages [15] .
Ni-Cd batteries have become a useful alternative in everyday applications due to their high energy densities, long cycle life and low maintenance requirements compared to lead-acid batteries [15] , [16] . Memory effect is the greatest inadequacy. Ni-Cd batteries contain harmful chemical substances inside.
Ni-MH batteries have very high energy capacities. Nickel metal hydride batteries have an environmentally friendly structure compared to lead-acid and nickel-cadmium batteries because they do not contain harmful substances such as cadmium, lead or mercury. Ni-MH batteries have problems of self-discharge, nickel metal hydride batteries are insufficient for long-term energy storage. However, Liion is cheaper than batteries in terms of cost [16] .
Li-Ion batteries have a wide working temperature range because they can be used between -20 °C and + 60 °C for charging and -40 °C to + 65 °C for discharging. Capacities available at different C ratios and temperatures vary. The LiIon battery cell voltages are 2.5 V to 4.2 V and approximately three times that of other battery types [17] .
Lithium is a substance that can react very quickly, so there is a risk of bursting and burning during its use. Li-Ion batteries are arise dangerous situations when exposed to direct sunlight or high temperatures. During charging, the maximum value of the charging voltage must be maintained at constant current until it reaches 80 % of the battery voltage. Then charging at constant voltage should be continued. Charging should be terminated when the charging current decreases by a certain level. Battery pack when Li-Ion battery cells are built in series and parallel connection, protection circuits are required to protect the battery cells from overcharging and excessive discharge. A graph of specific energy and power comparisons of rechargeable batteries is given in Fig. 1 . 
III. BATTERY MANAGEMENT SYSTEM
A system is a battery or battery pack that is made up of multiple cells. As the battery pack increases in series, the battery voltage increases. As parallel connections increase, battery current and battery capacity increase. BMS is a system that controls the charging and discharging of battery or battery packs. By acting as a protector in battery systems, it examines the current working states of the batteries and ensures that they remain within the optimum operating range. BMS functions provide data monitoring, calculation, protection and optimization.
The voltage, current and temperature of the battery cells are measured. The BMS calculates and compares with the measured battery data. The maximum and minimum cell voltages and temperatures of the battery are determined. The SOC status is calculated from the charge and discharge of the battery. The total voltage of the battery and the energy consumed (kWh) are determined.
BMS measures the battery data and provides protection of the battery by interfering with the system when optimal values are exceeded. It protects battery cells from overcharging, overdischarge, high temperature, low temperature and short circuit.
BMS provides battery cell voltages optimization to maximize battery capacity and protect cells from excessive discharge during charging. With cell balancing, the excess energy in the battery cell transfers to the other cells by active cell balancing, or the excess converts energy into heat by passive cell balancing. In the case of overvoltage and undervoltage in one cell and when voltage stabilization is insufficient, it separates the battery from the system. This protects the battery against damage that may occur. BMS is designed to extend battery life and increase efficiency [18] .
Voltage and temperature measurements are made on the slave board in the master-slave board battery management system. The measurement accuracy is higher than other BMS types [19] . The measured values are sent to the master board and BMS operations are performed. It is easy to change if any of the slave boards fail. Figure 2 shows the general structure of BMS. Cells that are connected in parallel in batteries force each other to equalize their tensions. Thus, parallel connected cells automatically compensate for each other. In connected cells, the main arm current passes through the whole battery and the cell with the lowest capacity is identified. The battery cells have different capacities due to their nonequivalent charge and discharge.
In an unbalanced battery pack, one or more of the cells connected in series during charging will reach the maximum charge level before the others. If the battery is not charged, fully uncharged cells will be consumed before other cells on the shelf [20] . The passive cell balancing method used in Fig. 3 is shown. In theory, whereas active cell balancing methods are far superior to passive equalization methods, passive equalization methods are more efficient in practical applications. Active cell balancing methods have a lot of electronic circuit elements.
This leads to more complex designs and more money. Passive cell balancing methods only work when balancing is required and energy loss occurs both in the circuit and in the load resistance. In the active cell balancing method, the circuit is in standby mode and standby energy is consumed by the circuit. The total standby energy in the active cell balancing method may be more than the passive cell balancing method. In the active cell balancing method, energy is transferred from the cell to the battery pack or from the battery pack to the cell. The conversion process also works with a certain efficiency. Unless special components and designs are used, this yield is usually around 70 % to 80 %. In this case, energy loss increases.
IV. MATERIAL AND METHOD

A. Electric Vehicle and Battery Pack
Battery management system was developed for TÜBİTAK Electric Vehicle Races. Technical specifications of the electric vehicle are given in Table I . A single-cell Li-Ion battery has low voltage, low capacity and energy storage and may not meet the energy requirements of an electric car; for this reason, many battery cells are connected in series and parallel to form a battery pack [11] . The battery pack used in this study was formed by connecting 28 serial NCR18650PF Li-ion battery cells from 8 connected groups connected in parallel. A slave board is attached to each group A system that works with the motherboard that controls these slave boards is designed. In this way, a battery management system which is high in efficiency and easy to install in battery pack has been established.
The specifications of the single battery cell and the battery pack are given in Table II. 
A. Experimental Setup
It is composed of slave and master boards in BMS design. On the master board are current sensor, voltage sensor, LCD, role control circuit and remote communication module. The BMS block diagram in Fig. 4 is given below. The slave board design is designed to be easily mountable on battery cells. Slave boards were made copper bar to be mounted on the cell. By means of these copper bar the slave boards remain stationary on the cell. The slave boards read the voltage and temperature information of the cells to which they are connected and send them to the motherboard via CAN network. It also balances according to the information received from the master board. The slave boards consist of six units: 5 V buck/boost converter, temperature sensor, voltage filtering, balancing circuit, CAN communication, warning. Figure 5 shows the slave board circuit. The PIC18F25K80 microprocessor, which is produced by Microchip company, is used as the BMS slave board processor. Extremely low power sleep mode makes it suitable for building control, elevator control, battery applications. It is widely used because it has 28 pin and 8 bit high performance processor. The NCP1402 integration of the Semiconductor company is used as a constant output converter. It provides a constant 5 V output between 0.8 V and 5.5 V. The LM35 series temperature sensors deliver a voltage proportional to the temperature as output. When using the LM35, we do not need to set up a circuit for calibration. It draws a low current like 60 μA. It can measure between -55°C and 150 °C. The master board evaluates the voltage and temperature information sent via the CAN protocol from the slave boards and carries out the battery management system operations. The master board circuit consists of regulator, current, voltage, CAN communication, Wireless Communication and SDMC module circuits. The master board decides whether to stop or start charging and discharging. Calculates and displays the battery capacity. When necessary, the battery is being charged or disconnected from the charger. This prevents the batteries from over charging or over discharging.
As the BMS motherboard processor, LPC1768 microprocessor development card, which is produced by NXP company, is used. Figure 6 shows the master board circuit. LV-25P voltage sensor is used for voltage measurement. The voltage sensor is fed with ±12 V symmetrical source. The working temperature is between 0°C-70°C. The measurement range is 0 V-500 V. ACS758LCB-100B-PPF-T current sensor is used for current measurement. The current sensor measures within ±100 A. The XBee Pro module is used for remote monitoring of the system. The microcontroller allows you to establish a seamless connection with virtually any computer with a serial port. It supports point-to-point or multi-point communication modes. The data rate is a maximum of 250 kbps and a range of 1.6 km. Figure 6 shows the master board circuit. The battery cells use battery management system circuits and a protection box in which the elements are located. Figure 7 shows the placement of the BMS circuits in the box.
The current counting method is used to estimate the SOC of the battery. Current measurement determines the accuracy of this method. This method is widely used because it is easy to apply In (1), SOCt0 indicates the SOC at the start time. The CN nominal capacity represents the coulombic efficiency during ŋ discharge. When SOC is calculated, it is calculated as ŋ positive at charging and negative at discharge. What is important in the current counting method is to determine the SOC state at t0. This operation is continued until the battery is completely discharged by drawing a constant 1 A current from the fully charged battery. During this time, the battery voltage is instantaneously recorded. This battery voltage was initially assumed to be 0 % SOC at the end of the discharge operation when it was 100 % SOC and was scaled according to the stored data. This equation was created by Matlab program. In the curve equation, SOC data is obtained according to the battery voltage (Fig. 8) . In the case of charging the battery, SOC information is calculated by this calculation. If the battery is discharged, the current counting method is used. It is very important that the SOC information at the start of the current counting method is found correctly. With the operation of the electric vehicle, the SOC information is obtained from the battery, which is obtained from the curve obtained by the curve equation. As the current starts to flow from the battery, the SOC estimation is continued by the current counting method. 
V. EXPERIMENTS
Experimental studies are carried out in case of discharge, discharge and data obtained on electric vehicle.
A. BMS Charging Test
Charging of the batteries lasted 330 minutes. Before charging the battery, the maximum cell voltage was 2.94 V and the minimum cell voltage was 2.72 V between 28 cells. Since the beginning of the charging process, the capacity differences between the cells have been compensated by 0.04 V. The system has been prevented from charging more cells reaching the upper limit voltage of the charger. From the minute all cells are full. The maximum and minimum cell voltage time graphs are given in Fig. 10 . The temperature of the battery cells is observed to increase over time when the cell stabilization is active. At the time of balancing, the fan system did not work because the cell temperatures did not exceed 40 °C. At the beginning of the charging process, cell temperatures are higher because of the high cell-to-cell capacity differences. Cell temperatures have returned to their initial values at the end of charging. The maximum and minimum cell temperatures are given in Fig. 10 .
The voltages of Li-Ion batteries show a rapid increase up to nominal voltages, depending on their characteristics. Cell voltages increase linearly after nominal voltage. The total battery voltage time graph is given in Fig. 12 . The battery is initially charged at constant current. When the battery voltage reaches the upper limit of charging, the charging process is continued at constant voltage. At this point, the battery is charged precisely. Charging is terminated when main arm current decreases by 100 mA. The total battery current time graph is given in Fig. 13 . It is estimated that the battery has 6 % SOC status at the start. At the end of charging, it has 98 % SOC status. It is understood that SOC estimation is done correctly on this page. The battery SOC time graph is given in Fig. 14 . 
B. BMS Discharging Test
The cell balancing test was carried out under constant 1 A discharge current with Array 3711A DC load. This experiment was completed in 55 minutes. The 0.2 V voltage difference between the cells at the start was removed in the middle. The time chart of maximum and minimum cell voltages graph is given in Fig. 15 .
It is observed that the cell temperature increases during the balancing process. The cell temperature starts to decrease when the capacity difference between cells decreases. The time chart of maximum and minimum cell temperatures graph is given in Fig. 16 . When the total battery voltage graph is examined, there is a rapid decrease in voltage in the first 30 minutes. This decrease in voltage means that cell stabilization is carried out by more than one cell. The total battery voltage time graph is given in Fig. 17 . Discharged at constant 1 A with battery-powered load source. It is understood that the current measured by the system is 10 mA error. This error indicates how precise the current measurement of the system. The total battery current time graph is given in Fig. 18 . The battery pack is rapidly decreasing in the first 30 minutes of SOC state at discharge. Cell balancing was initially performed by many cells. The battery SOC time graph is given in Fig. 19 . 
C. BMS Vehicle Testing
The system is tested on the electric car at the TUBITAK Efficiency Challenge Electric Vehicle in 2017 in Kocaeli/Turkey [21] . A photo of the electric vehicle is given in Fig. 20 . During the race the battery information and vehicle speed were recorded instantaneously. These data are shown graphically. The electric vehicle draws 12 A current from the average battery in the first 25 minutes. The car has been in the maintenance area for 27 minutes-30 minutes during the competition due to a technical breakdown. After 30 minutes, the electric vehicle completed the competition by drawing an average of 18 A current from the battery. The total battery current time graph is given in Fig. 21 . The car moved at an average speed of 32 km/h in the first 27 minutes. Since the vehicle spent a lot of time coming to the maintenance area due to technical breakdown, it completed the race with an average speed of 39 km/h. Electric vehicle speed time graph is given in Fig. 22 .
When voltage graphs are examined, sudden acceleration occurs when the battery voltage drops rapidly. When the battery voltage drops below the nominal voltages of the cells, the voltages are rapidly decreasing. At the end of the competition, the cell voltages are on average 2.8 V. The time graph of maximum and minimum cell voltages is given in Fig. 23 . The total battery voltage time graph is given in Fig. 24 . Electric vehicle temperature is around 32 °C as the car waits in the sun till the competition starts. At the beginning of the judge, the air flow into the vehicle dropped to 30 °C. Electric vehicle temperature are given in Fig. 25 . When the estimation chart of the SOC of the battery is analysed, the estimated SOC of the battery is 98 %. At the end of the contest it shows 8 %. The battery SOC time graph is given in Fig. 26 .
VI. CONCLUSIONS
In this study, a unique BMS is proposed to avoid problems such as overcharging, over discharge and cell balancing of battery cells. In case of system charging, discharge under constant load and tests performed by electric vehicle. During the tests, 28 battery cells in the battery were monitored for voltage and temperature. In addition, total battery voltage and battery current are monitored. The voltages of the cells in the battery pack have been adjusted to different levels. The voltages of the cells in the battery pack have been adjusted to different levels. In experimental studies, these voltage differences were compensated for. Cell-to-cell voltage differences were compensated by passive cell balancing. Up to 4 A of voltage stabilization can be performed using a 35 W resistor for the cell balancing circuit. Balancing current can be adjusted in balancing process. If the temperature increases, the PWM duty cycle is reduced and the balancing current drops. Fill factor is determined precisely by fuzzy logic control. The SOC of the battery was determined by the discharge curve and current counting method of the battery. Thanks to the designed battery box, it is easy to install in electric vehicle. Thanks to the fans mounted on the battery box, battery cooling can be easily performed during chargingdischarging operations. As a result of this work, a fuzzy logic controlled battery management system for electric vehicle has been realized.
